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Designing  Efficient  Multi- Agent  Systems 


IjV 

Yoav  Shohaiii 

Computer  Science  Department 
Stanford  University 
Stanford.  CA  94305 


1  Overview 

The  research  carried  out  to  during  1994  under  this  grant  expands  our  previous 
work  on  two  central  design  issues  in  multi-agent  system  and  begins  to  develop 
two  new  tools  for  multi-agent  systems. 

As  part  of  our  effort  to  pro\  ide  foimdations  for  more  powerful  agent- 
oriented  programming  environment.s  (.AOP)[13].  we  have  been  concentrating 
on  basic  understanding  of  mental  states  and  their  dynamics.  In  order  to 
facilitate  efficient  interactions  in  shared  multi-agent  en\  ironments,  such  as 
the  Internet,  w-e  have  continued  our  iinestigation  of  computational  social 
laws  and  their  implementation  in  different  domains.  In  order  to  help  model 
agents  within  a  multi-agent  system  we  have  developed  an  approach  for  as¬ 
cribing  mental  qualities  to  agents.  Finally,  we  have  suggested  an  approach 
for  describing  the  complexity  of  robotics  domains,  which  has  yielded  an  al¬ 
gorithm  for  analyzing  the  possibility  of  decentralizing  tasks. 
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2  Research  on  AOP  and  mental  states 


AOP  is  a  computational  framework  that  can  be  viewed  as  a  specialization 
of  OOP,  where  the  state  of  an  agent  consists  of  components  called  beliefs, 
choices,  capabilities,  commitments,  and  possibly  others;  for  this  reason  the 
state  of  an  agent  is  called  its  mental  state  [14j.  The  mental  state  of  agents 
is  captured  formally  in  an  extension  of  standard  epistemic  logics:  beside 
temporalizing  the  knowledge  and  belief  operators.  .40P  introduces  opera¬ 
tors  for  commitment,  choice  and  capabilit}-.  Agents  are  controlled  by  agent 
programs,  which  include  primitives  for  communicating  with  other  agents.  In 
the  spirit  of  speech-act  theory,  each  communication  primitives  is  of  a  certain 
type;  informing,  requesting,  offering,  and  so  on. 

A  detailed  discussion  of  .AOP  appears  in  [13]  and  in  the  past  we  have 
implemented  an  agent  interpreter:  it  is  documented  in  [18],  and  also  described 
in  [17].  Past  collaboration  with  the  Hewlett  Packard  corporation  involved 
incorporating  features  of  AOP  in  the  New  Wave^^’  architecture. 

Our  past  work  on  AOP  emphasizes  the  importance  of  basic  understanding 
of  the  notion  of  a  mental  state,  especially  the  notions  of  belief  and  knowl¬ 
edge.  Our  results  in  this  area  provide  for  a  better  understanding  of  two 
different  approaches  to  belief  re^’ision  [5]  and  a  unified  approach  to  belief 
revision  and  update  [8].  We  have  also  shown  a  method  in  which  criteria  for 
belief  revision  can  be  derived  from  basic  principles  [7].  In  order  to  facilitate 
actual  computation  with  databases  of  beliefs,  we  ha\-e  provided  a  compila¬ 
tion  technique  that  allows  for  fast  on-line  inference  [6].  Finally,  the  work  of 
[10]  provides  a  pow^erful  extension  of  our  previous  results  [11]  on  the  relation 
between  knowledge  and  belief. 

3  Coordination  in  open  distributed  systems 

In  open  multi-agent  systems,  such  as  the  Internet,  different  agents  are  de¬ 
signed  by  different  designers,  yet  all  must  share  common  resources.  A  major 
problem  is  that  of  coordinating  the  use  of  shared  resources,  such  as  space, 
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cpu  time,  communication  channels  etc.  We  refer  to  such  systems  as  artificial 
social  systems,  and  have  proposed  in  the  past  the  notion  of  computational 
social  laws  as  a  design  paradigm  for  such  systems  [16].  This  year  we  have  con¬ 
tinued  the  development  of  the  theory  of  social  laws  and  have  demonstrated 
the  validity  of  this  approach  in  an  important  application. 

On  the  theoretical  side  we  have  examined  the  issue  of  emergent  conven¬ 
tions.  This  work  is  motivated  bj'  the  realization  that  in  open  distributed 
systems  one  cannot  foresee  all  the  possible  conflicts  that  can  arise  ahead  of 
time.  In  order  to  overcome  this  prol>lem  we  suggest  in  [9,  15]  that  agents  be 
provided  with  the  capability  to  design  behavioral  conventions  on-line,  e.g., 
agents  should  be  able  to  agree  on  how  to  divide  CPU  time.  We  have  examined 
a  number  of  approaches  for  enhancing  agents’  abilities  to  form  conventions, 
and  have  identified  one  approach  that  seems  particularly  promising. 

These  ideas  have  been  applied  to  the  problem  of  load  balancing  [12],  a 
domain  in  which  different  agents  share  computational  resources.  Our  re¬ 
sults  demonstrate  the  v'alidity  of  our  approach,  which  is  both  adaptive  and 
completely  distributed. 

4  Modeling  agents 

For  agents  to  efficiently  act  within  a  iiuilti-agent  system,  some  ability  to 
predict  the  actions  of  other  agents  may  be  required.  Predicting  the  actions 
of  another  agent  often  requires  constructing  a  model  of  that  agent.  Low-level 
models  are  often  difficult  to  construct,  since  they  require  intimate  knowledge 
of  the  other  agent’s  structure.  We  have  proposed  using  high  level  models 
based  on  the  notion  of  a  mental  state,  which  we  call  mental-level  models 
[3,  1].  These  models  represent  agents  as  if  they  had  a  mental  state,  and 
they  can  be  constructed  based  on  the  agent's  past  actions  together  with 
some  high-level  background  knowledge.  Unlike  our  work  on  AOP,  where  the 
mental  states  are  used  to  design  the  agent,  here  we  do  not  assume  that  the 
agents  actually  have  a  mental  state,  but  only'  model  them  as  having  one. 


5  Analyzing  robotics  task  and  their  distri¬ 
bution 

As  part  of  our  ongoing  research  on  mental  states,  we  have  investigated  the 
applications  of  a  formal  notion  of  knowledge  in  robotics.  We  have  been  able 
to  use  this  to  obtain  new  results  on  motion  planning  [2].  These  results  have 
lead  us  to  propose  a  more  ambitious  role  for  knowledge  as  an  analysis  tool  for 
robotics  task  [4].  We  are  able  to  characterize  the  difficulty  of  a  robotics  task 
by  the  amount  of  knowledge  required  to  carry  it  out,  and  we  characterize 
the  capabilities  of  a  robot  by  the  amount  of  knowledge  it  can  attain  in  a 
given  environment.  We  have  used  these  ideas  to  provide  an  algorithm  for 
eliminating  the  need  for  a  central  controller  in  multi-agent  systems.  This 
algorithm  analyzes  the  task  at  hand  and  the  requirements  it  makes  on  each 
of  the  agent,  and  tells  us  what  modifications  we  must  make  to  each  agent  so 
that  the  task  can  be  performed  in  a  distributed  fashion. 


6  Presentations 

The  work  described  in  this  report  has  been  presented  in  a  number  of  confer¬ 
ences,  including  three  presentations  in  KR'94,  two  presentations  in  AAAr94 
and  one  presentation  in  TARK'94. 
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